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We propose a cosmological inflationary scenario based on the supergravity-embedded Standard
Model supplemented by the right-handed neutrinos. We show that with an appropriate Ka¨hler
potential the L-Hu direction gives rise to successful inflation that is similar to the recently proposed
gravitationally coupled Higgs inflation model but is free from the unitarity problem. The mass scale
MR of the right-handed neutrinos is subject to the seesaw relation and the present 2-σ constraint
from the WMAP7-BAO-H0 data sets its lower boundMR & 1 TeV. Generation of the baryon asym-
metry is naturally implemented in this model. We expect that within a few years new observational
data from the Planck satellite will clearly discriminate this model from other existing inflationary
models arising from the same Lagrangian, and possibly yield stringent constraints on MR.
I. INTRODUCTION
Today observational cosmology is a precision science.
Cosmological inflation, which is supported by all observa-
tional data, is now an indispensable theoretical ingredient
not only in astrophysics but also in particle phenomenol-
ogy. A remaining mystery of this otherwise extremely
successful paradigm is embedding into a particle theory
model. By virtue of Occam’s razor, a plausible possi-
bility may be that the fields responsible for cosmologi-
cal inflation (inflatons) are those already included in the
Standard Model (SM), or its (not too large) extension.
The recently proposed SM Higgs inflation model [1] is
an interesting idea to test this possibility. This model
is attractive due to its minimalistic nature and the re-
markable agreement with the present day observational
data. It also relates the dynamics of inflation with the
electroweak scale physics, making a prediction on the SM
Higgs mass from the cosmological microwave background
(CMB) data. A rather unfavourable feature of this type
of model is that it requires extremely large nonminimal
coupling to gravity, which could lead to violation of the
unitarity bound [2]. The model also suffers from the hi-
erarchy problem, which may be cured by supersymmetri-
sation [3–5]. See [6] for related models.
Certainly, there are more traditional ways of embed-
ding inflation into supersymmetric SMs. It has been
known for a while that the flat directions in the mini-
mal supersymmetric Standard Model (MSSM), lifted by
soft supersymmetry breaking terms and other effects, can
serve as inflatons (reviewed in [7]; more recent develop-
ments include [8]). Another type of embedding is into a
supersymmetric SM with right-handed neutrinos [9], in
which one of the right-handed sneutrinos is identified as
the inflaton. These models are phenomenologically well
motivated; the hierarchy problem is solved by supersym-
metry, and the models with the right-handed neutrinos
are furthermore consistent with the small but nonzero
neutrino masses indicated by neutrino oscillation.
In this paper we present a new scenario of inflation,
inspired by these developments. Our model has the fol-
lowing features: (i) the scenario is based on the simplest
supersymmetric extension of the SM that includes the
right-handed neutrinos, naturally explaining the small
neutrino masses through the seesaw mechanism [10]; (ii)
the problem associated with the large nonminimal cou-
pling that afflicts the SM Higgs inflation is alleviated; (iii)
the CMB data gives predictions on the mass scale of the
right-handed neutrinos through the seesaw relation; (iv)
leptogenesis is naturally implemented; (v) the predicted
cosmological parameters fit well in the present day obser-
vational constraint, and (vi) the model can be tested by
the upcoming observational data from the Planck satel-
lite. We discuss construction of the model and describe
these features below.
II. THE SUPERSYMMETRIC SEESAW MODEL
Our model is based on the MSSM extended with the
right-handed neutrinos, with the R-parity preserving su-
perpotential
W =WMSSM +
1
2
MRN
c
RN
c
R + yDN
c
RLHu, (1)
where NR is the right-handed neutrino superfield (having
odd R-parity), MR the mass parameter for NR, and
WMSSM = µHuHd+yuu
cQHu+ydd
cQHd+yee
cLHd, (2)
is the MSSM part. Here, Q, u, d, L, e, Hu, Hd are the
MSSM superfields, µ the MSSM µ-parameter, and yD,
yu, yd, ye the Yukawa couplings (the family indices are
suppressed). As noted in [3], successful nonminimally
coupled Higgs inflation requires at least an extra field
besides those in the MSSM. Our crucial observation here
is that the model (1) is already such an extension, with
the L-Hu direction playing the roˆle of inflaton. During
2inflation Q, u, d, e, Hd do not play any part and we shall
disregard them. Parametrising the D-flat direction along
L-Hu as
L =
1√
2
(
ϕ
0
)
, Hu =
1√
2
(
0
ϕ
)
, (3)
the superpotential becomes
W =
1
2
MRN
c
RN
c
R +
1
2
yDN
c
Rϕ
2. (4)
We assume supergravity embedding and choose
Φ = 1−1
3
(|N cR|2 + |ϕ|2)+14γ
(
ϕ2 + c.c.
)
+
1
3
ζ|N cR|4, (5)
with γ and ζ real parameters. The Ka¨hler potential in
the superconformal framework is K = −3Φ. We have
included an R-parity violating term. For brevity’s sake,
we shall set the reduced Planck scale MP = 2.44× 1018
GeV to be unity, take yD to be real and consider only
one generation below.
We introduce real scalar fields χ, N , α1, α2 by ϕ =
1√
2
χeiα1 , N cR = Ne
iα2 . It can be checked that the scalar
potential is stable along the real axes of ϕ and N cR; we
thus assume α1 = α2 = 0 below. The scalar-gravity part
of the Lagrangian in the Jordan frame reads (cf. [4])
LJ =
√−gJ
[
1
2
ΦRJ − 1
2
gµνJ ∂µχ∂νχ− κgµνJ ∂µN∂νN − VJ
]
,
(6)
where
Φ =M2+ξχ2, M2 ≡ 1− 1
3
N2+
ζ
3
N4, ξ ≡ γ
4
− 1
6
. (7)
The subscripts J indicate quantities in the Jordan frame,
and κ = 1 − 4ζN2 is the nontrivial component of the
Ka¨hler metric. The F-term scalar potential is computed
in the standard way [11]. In the Jordan frame it reads
VJ =
1
2
y2DN
2χ2 +
(MRN +
1
4yDχ
2)2
1− 4ζN2
−
N2
{
1
2MRN +
3
4γyDχ
2 − ζN2(yDχ2+4MRN)2(1−4ζN2)
}2
3 + ζN
4
1−4ζN2 +
3
4γχ
2(32γ − 1)
.(8)
The scalar potential in the Einstein frame is VE = Φ
−2VJ.
In this model the Dirac Yukawa coupling yD and the
right-handed neutrino mass MR are related by the see-
saw relation [10] mν = y
2
D〈Hu〉2/MR, where mν is the
mass scale of the light (left-handed) neutrinos. Using the
neutrino oscillation data m2ν ≈ ∆m232 = 2.43× 10−3 eV2
[12] and the Higgs vev at low energy 〈Hu〉 ≈ 174 GeV,
we find
yD =
(
MR
6.14× 1014 GeV
) 1
2
. (9)
This puts an upper bound on MR since yD . O(1).
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FIG. 1: The scalar potential VE in the Einstein frame (left),
and the inflaton trajectory in the contour plot of the same
potential (right). The red curve is the inflaton trajectory. We
have chosen Ne = 60, MR = 10
13 GeV and ζ = 100.
For large yD (and thus large MR) the inflationary
model is very similar to the next-to-minimal supersym-
metric SM [3, 4] or the supersymmetric grand unified the-
ory model [5]. These two-field inflation models in general
have nontrivial inflaton trajectories that can source the
isocurvature mode. While such a scenario is certainly of
interest, the analysis is rather involved; we thus allow
the quartic Ka¨hler term in (5) to control the instability
in the N -direction. For MR = 10
13 GeV we find ζ = 100
keeps the deviation of N from N = 0 negligibly small
(
√
2κ∆N/∆χ . 1 % throughout the slow roll of Ne = 60
e-folds). For MR ≤ 1011 GeV, ζ = 1 is enough. In Fig.1
we show the potential and the inflaton trajectory of our
model, for MR = 10
13 GeV, Ne = 60 and ζ = 100 (the
nonminimal coupling is fixed by CMB as below). Once
the trajectory is stabilised the cosmological parameters
are insensitive to the value of ζ, and as the trajectory is
nearly straight the model simplifies to single field infla-
tion with the inflaton χ. The Lagrangian then becomes
LJ =
√−gJ
[
M2 + ξχ2
2
RJ − 1
2
gµνJ ∂µχ∂νχ− VJ
]
. (10)
III. COSMOLOGICAL SCENARIO AND THE
PREDICTION
Our model provides a cosmological scenario of slow-roll
inflation: the slow roll parameters ǫ, η are small during
inflation, and inflation terminates when ǫ or η becomes
O(1). The canonically normalised inflaton field χˆ in the
Einstein frame is related to χ by
dχˆ =
√
M2 + ξχ2 + 6ξ2χ2
M2 + ξχ2
dχ, (11)
and the slow roll parameters in the Einstein frame are
ǫ =
1
2
(
1
VE
dVE
dχˆ
)2
, η =
1
VE
d2VE
dχˆ2
. (12)
The inflaton value χ = χ∗ at the end of the slow roll is
related to the value χ = χk at the horizon exit of the
3Ne MR (GeV) ξ χ∗ χk ns r
1013 2566 0.0212 0.167 0.962 0.00419
1011 257 0.0671 0.527 0.962 0.00420
109 25.6 0.212 1.66 0.962 0.00422
106 0.730 1.14 8.91 0.961 0.00515
50 105 0.184 1.85 14.2 0.961 0.00796
104 0.0303 2.79 18.9 0.960 0.0259
5000 0.0152 3.06 19.6 0.959 0.0448
2000 4.97 × 10−3 3.31 20.1 0.955 0.103
1000 1.33 × 10−3 3.42 20.3 0.949 0.201
644 0 3.46 20.3 0.942 0.311
1013 3059 0.0194 0.167 0.968 0.00296
1011 306 0.0614 0.527 0.968 0.00297
109 30.5 0.194 1.66 0.968 0.00298
106 0.886 1.05 8.97 0.968 0.00352
105 0.232 1.73 14.6 0.968 0.00508
60 104 0.0421 2.63 20.1 0.967 0.0143
5000 0.0222 2.92 21.1 0.966 0.0237
2000 8.36 × 10−3 3.22 21.8 0.964 0.0519
1000 3.28 × 10−3 3.36 22.1 0.961 0.0998
500 6.48 × 10−4 3.44 22.2 0.955 0.197
378 0 3.46 22.2 0.951 0.260
TABLE I: The coupling ξ, the inflaton values at the end of the
slow roll (χ∗) and at the horizon exit (χk), the spectral index
ns, and the tensor-to-scalar ratio r for e-folding Ne = 50, 60
and for various values of the right-handed neutrino mass MR.
The coupling ξ is fixed by the amplitude of the curvature
perturbation. We used ζ = 100 for MR = 10
13 GeV and
ζ = 1.0 for MR ≤ 10
11 GeV. The last lines (Ne = 50, MR =
644 GeV and Ne = 60, MR = 378 GeV) correspond to the
minimally coupled λφ4 model.
comoving CMB scale k, through the e-folding number
Ne =
∫ χk
χ∗
dχVE(dχˆ/dχ)/(dVE/dχˆ). The potential VE at
the horizon exit is constrained by the power spectrum
PR = VE/24π2ǫ of the curvature perturbation. We used
the maximum likelihood value ∆2R(k0) = 2.42×10−9 from
the 7-yearWMAP data [13], which is related to the power
spectrum by ∆2R(k) =
k3
2pi2PR(k), with the normalisation
fixed at k0 = 0.002 Mpc
−1. Apart from ζ which was
introduced to keep the deviation of the trajectory from
N = 0 small, the model contains only two parameters:
ξ and yD. The former is fixed by the curvature pertur-
bation PR, and the latter is related to the right-handed
neutrino mass MR, through (9). Note that there exists
a lower bound on yD, set by the minimal coupling limit
ξ → 0. In this limit our model is essentially the chaotic
inflation with quartic potential VE =
1
16y
2
Dχ
4, with yD
fixed by PR. The corresponding value of MR at ξ = 0 is
644 GeV for Ne = 50 and 378 GeV for Ne = 60.
For a given value of MR the scalar spectral index ns ≡
d lnPR/d ln k = 1−6ǫ+2η and the tensor-to-scalar ratio
r ≡ Pgw/PR = 16ǫ can be computed. Table I shows these
results, evaluated for Ne = 50, 60 and for several values
of MR between the upper and lower bounds [22]. We see
that ξ . O(1) when MR . 106 GeV. This shows that
in the wide parameter region our model is free from the
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FIG. 2: The scalar spectral index ns and the tensor-to-scalar
ratio r, with the 68% and 95% confidence level contours from
the WMAP7+BAO+H0 data [13]. The prediction of our
model (NM-LHu) is indicated by • with corresponding MR
values. The predictions of the Harrison-Zel’dovich (HZ), the
λφ4 and m2φ2 chaotic inflation models, as well as the A-term
MSSM flat-direction (AFD) inflation models, are also shown
for comparison. ∆ns is the expected Planck accuracy [21].
dangers [2] arising from the large nonminimal coupling.
For small ξ, instead, a super-Planckian initial value of
the inflaton field is inevitable. This feature is similar to
the model studied in [14].
After the slow roll the inflaton oscillates around the
minimum at N = χ = 0, and decays. The effect of non-
minimal coupling on the reheating process can be impor-
tant when ξ is large and the coupling between the inflaton
and the matter field is small [15]. In our model, the in-
flaton couples directly to the SM matter fields and the
coupling ξ does not have to be extremely large; we thus
expect the effect of ξ on the reheating to be limited. The
upper limit of the reheating temperature is estimated
as Trh ∼ 107 GeV, assuming the Higgs component de-
cay ϕ → bb¯ (the slepton component decay may yield
slightly higher temperature [23] ). This is low enough
to avoid the gravitino problem. The generation of the
baryon asymmetry is due to the following mechanisms.
If Trh & MR, the right-handed (s)neutrinos thermalise,
leading to thermal leptogenesis [17] with the resonant
enhancement effects [18]. If the reheating temperature
is lower Trh . MR, the mechanism of [9, 19] due to the
decay of oscillating sneutrinos can be operative; with N
acquiring the vev at the end of the slow roll, as shown
in Fig.1, the coherent oscillation in the direction of N
produces lepton numbers. Interestingly, this mechanism
depends on the inflaton trajectory and thus on ζ. In ad-
dition, the Affleck-Dine mechanism [20] can be operative.
The prediction of ns and r in our model is shown in
Fig.2, along with the 68% and 95% confidence level con-
tours from the WMAP7+BAO+H0 data [13]. Also indi-
cated are the predictions of two other inflationary mod-
els arising from the same Lagrangian (1), namely the
N˜R chaotic inflation model [9], marked with , and the
4A-term inflation models [8] marked with  (AFD). The
former is essentially the standard m2φ2 chaotic inflation.
In the latter, the inflaton is ucdcdc, ecLL, or N cRLHu
direction in the (NR-extended) MSSM, and its typical
prediction is very small r and ns ≈ 1 − 4/Ne; we used
Ne = 50 (thus ns = 0.92) as the e-folding cannot be large
(Ne . 50) in such low-scale inflation models. We see that
our model fits well with the present data unless MR is
too small. The 2-σ constraints roughly giveMR & 1 TeV,
depending on the e-folding number (and thus on the re-
heating temperature). In the near future detailed data
from the Planck satellite experiments [21] will be avail-
able, with the expected resolution ∆ns ≈ 0.0045, also
indicated in Fig.2. With such high precision the three
inflation models arising from the (NR-extended) MSSM
would clearly be discriminated. If our model turns out
to be the likely scenario, the Planck data would also con-
strain the mass scale of the right-handed neutrinos.
IV. DISCUSSION
While the SM of particle theory is the greatest success
in the twentieth century physics, it is not a complete
theory. For one thing, the neutrino oscillation indicates
that the right-handed neutrinos must be included. Also,
in order to solve the hierarchy problem and to account
for the dark matter in the universe, some extension, such
as supersymmetrisation, is necessary. In this paper we
presented a new scenario of inflation, for which the right-
handed neutrinos, supersymmetry, and the non-minimal
coupling are essential. Note that all of them naturally
arise in the supergravity embedding of the SM with the
right-handed neutrinos. Not too large nonminimal cou-
pling is also natural as we are dealing with quantum field
theory in curved spacetime.
Our scenario is economical as it explains – apart
from the standard issues that are solved by inflation –
small nonvanishing neutrino masses and the origin of the
baryon asymmetry. The predicted values of ns and r
are consistent with the present observation, and can be
tested by the Planck satellite data. What we find partic-
ularly interesting is that it constrains the right-handed
neutrino mass scale. The nature of the heavy neutrinos
is mysterious; being gauge singlets, their detection in col-
liders is virtually impossible, nevertheless they must be
present for the seesaw mechanism and leptogenesis. If
our scenario turns out to be correct, CMB would provide
a new window to the physics of right-handed neutrinos.
Acknowledgements.— S.K. acknowledges helpful con-
versation with Kari Enqvist. This work was supported
in part by the Research Program MSM6840770029,
ATLAS-CERN International Cooperation (M.A.), the
National Research Foundation of Korea Grant No. 2012-
007575 (S.K.) and by the DOE Grant No. DE-FG02-
10ER41714 (N.O.).
[1] F. L. Bezrukov and M. Shaposhnikov, Phys. Lett.
B659, 703 (2008); A. Barvinsky, A. Kamenshchik, and
A. Starobinsky, JCAP 0811, 021 (2008); A. De Simone,
M. P. Hertzberg, and F. Wilczek, Phys. Lett. B678, 1
(2009); A. Barvinsky, A. Kamenshchik, C. Kiefer, A.
Starobinsky, and C. Steinwachs, JCAP 0912, 003 (2009);
0910.1041.
[2] J. L. F. Barbon and J. R. Espinosa, Phys. Rev. D79,
081302 (2009); C. P. Burgess, H. M. Lee, and M. Trott,
JHEP 07, 007 (2010); ibid. 09, 103 (2009); R. N. Lerner
and J. McDonald, JCAP 1004, 015 (2010); Phys. Rev.
D82, 103525 (2010); M. P. Hertzberg, JHEP 11, 023
(2010); F. Bezrukov, A. Magnin, M. Shaposhnikov, and
S. Sibiryakov, JHEP 1101, 016 (2011).
[3] M. B. Einhorn and D. R. T. Jones, JHEP 03, 026 (2010).
[4] S. Ferrara, R. Kallosh, A. Linde, A. Marrani, and
A. Van Proeyen, Phys. Rev. D83, 025008 (2011); ibid.
D82, 045003 (2010).
[5] M. Arai, S. Kawai, and N. Okada (2011), 1107.4767.
[6] C. Pallis and N. Toumbas, JCAP 1102, 019 (2011); ibid.
1112, 002 (2011).
[7] K. Enqvist and A. Mazumdar, Phys. Rept. 380, 99
(2003).
[8] R. Allahverdi, K. Enqvist, J. Garcia-Bellido, and
A. Mazumdar, Phys. Rev. Lett. 97, 191304 (2006); R. Al-
lahverdi, A. Kusenko, and A. Mazumdar, JCAP 0707,
018 (2007); J. Bueno Sanchez, K. Dimopoulos, and D. H.
Lyth, JCAP 0701, 015 (2007); R. Allahverdi, K. Enqvist,
J. Garcia-Bellido, A. Jokinen, and A. Mazumdar, JCAP
0706, 019 (2007).
[9] H. Murayama, H. Suzuki, T. Yanagida, and J. Yokoyama,
Phys.Rev.Lett. 70, 1912 (1993); Phys.Rev. D50, R2356
(1994); J. R. Ellis, M. Raidal, and T. Yanagida, Phys.
Lett. B581, 9 (2004).
[10] P. Minkowski, Phys. Lett. B67, 421 (1977); T. Yanagida
(1979), in Proc. of the Workshop on the Baryon Number
of the Universe and Unified Theories, Tsukuba, Japan,
13-14 Feb1979, O. Sawada and A. Sugamoto (eds.), KEK
report KEK-79-18, p.95; M. Gell-Mann, P. Ramond, and
R. Slansky, pp. 315–321 (1979), in Supergravity, P. van
Nieuwenhuizen, D.Z. Freedman (eds.), North Holland
Publ. Co., 1979, print-80-0576 (CERN); R. N. Mohap-
atra and G. Senjanovic, Phys.Rev.Lett. 44, 912 (1980).
[11] M. Kaku, P. K. Townsend, and P. van Nieuwenhuizen,
Phys. Rev. D17, 3179 (1978); W. Siegel and S. J. Gates,
Jr., Nucl. Phys. B147, 77 (1979); E. Cremmer, S. Fer-
rara, L. Girardello, and A. Van Proeyen, Nucl. Phys.
B212, 413 (1983); S. Ferrara, L. Girardello, T. Kugo,
and A. Van Proeyen, Nucl. Phys. B223, 191 (1983);
T. Kugo and S. Uehara, Nucl. Phys. B222, 125 (1983);
ibid.B226, 49 (1983); Prog. Theor. Phys. 73, 235 (1985).
[12] K. Nakamura et al. (Particle Data Group), J. Phys.G37,
075021 (2010).
[13] E. Komatsu et al. (WMAP), Astrophys. J. Suppl. 192,
18 (2011).
[14] N. Okada, M. U. Rehman, and Q. Shafi, Phys.Rev. D82,
5043502 (2010).
[15] B. A. Bassett and S. Liberati, Phys.Rev. D58, 021302
(1998); S. Tsujikawa, K.-I. Maeda, and T. Torii,
Phys.Rev. D60, 063515 (1999).
[16] R. Allahverdi, A. Ferrantelli, J. Garcia-Bellido, and
A. Mazumdar, Phys.Rev. D83, 123507 (2011).
[17] M. Fukugita and T. Yanagida, Phys.Lett. B174, 45
(1986).
[18] M. Flanz, E. A. Paschos, U. Sarkar, and J. Weiss, Phys.
Lett. B389, 693 (1996); A. Pilaftsis, Phys. Rev. D56,
5431 (1997); A. Pilaftsis and T. E. J. Underwood, Nucl.
Phys. B692, 303 (2004).
[19] H. Murayama and T. Yanagida, Phys. Lett. B322, 349
(1994).
[20] I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985).
[21] P. Ade et al. (Planck Collaboration), Astron.Astrophys.
536, 16464 (2011); astro-ph/0604069; URL
http://www.rssd.esa.int/index.php?project=Planck.
[22] These are the tree-level results. We have checked that the
effect of renormalisation is extremely small.
[23] Resonance effects can further increase Trh. See [16].
